High-density, low-permeability uniform layers of bentonite are required in radioactive waste disposal facilities to prevent the migration of such waste into the biosphere via ground water. Against such a background, the applicability of high-density compacted bentonite for the construction of low-permeability layers has become a subject of international consideration. However, the construction of these layers involves major technical challenges because the limited space available means that heavy machinery cannot be used.
INTRODUCTION
Japan's nuclear energy policy currently stands at a crossroads, and various discussions incorporating diversified opinions are being held on the transition from nuclear energy to renewable energy, the desirable ratio of future nuclear power generation, nuclear plant decommissioning and the need for fuel reprocessing based on the service life of nuclear power plants. Meanwhile, large amounts of radioactive waste have been produced since Japan's first commercial nuclear power plant started operation almost 50 years ago. Although this waste can be partially reprocessed and used as fuel for nuclear power generation, it generally needs to be classified by radioactivity level and placed in a geological depository for ultimate isolation from the biosphere (Fig. 1) .
Shallow disposal of relatively low-level waste (LLW) is already implemented, and actual-scale tests are under way to verify constructability for the disposal of LLW with higher levels of radioactivity at intermediate depths. As higher-level engineering is needed for constructing nuclear waste disposal facilities than for conventional earthwork conducted in tight spaces, various organizations are currently studying constructability and construction quality.
By way of example, since 2007 the Radioactive Waste Management Funding and Research Center has been conducting actual-scale tests to verify the applicability of construction and operation techniques for a cavern-type disposal facility that includes space for LLW sub-surface disposal using a testing cavity (see Fig. 2 ) within the Facility for Full-scale Research for LLW Sub-Surface Disposal. In the cavern-type facility, waste packages are placed in a concrete pit with a cementitious engineered barrier made of low-diffusion material and further enclosed in a low-permeability layer of highly compacted bentonite ( Fig. 2) to create a multiple-barrier layer.
The steps considered for cavern-type disposal facility construction are as follows: 1) (i) Construction with backfill material for invert section and sides (ii) Construction of a low-permeability bottom layer (iii) Construction of a cementitious engineered barrier for placement of waste packages followed by addition of filling material (iv) Construction of low-permeability side and top layers after filling, followed by addition of backfill material at the top to complete disposal In the processes from construction of the cavern-type disposal facility and the placement of waste package to enclosure, it is difficult to sufficiently compact the low-permeability bottom layer at the corners in (ii) and the low-permeability side and top layers in (iv) using heavy machinery because space is restricted due to the presence of backfill and the cement-based engineered barrier. However, heavy machinery is needed to realize a highly compacted layer in the conventional construction method. Accordingly, the applicability of various construction techniques (such as the use of a small vibration roller, block bentonite placement and the utilization of falling weights) has been investigated. However, all these approaches are still in the research stage 1) . This paper proposes a method for spray-based application of high-density low-permeability layers to enable construction in restricted spaces with focus on a project for a LLW sub-surface disposal facility among various radioactive waste depository types. Peripheral techniques such as ways of adjusting water content and controlling construction quality are also discussed.
Bentonite mined in Yamagata Prefecture was used in this study. The interlayer cation of montmorillonite (the primary mineral of bentonite) is sodium, and the montmorillonite content of bentonite is approximately 60 wt%. The density of soil particles in bentonite is approximately 2.7 Mg/m 3 .
SPRAY-BASED CONSTRUCTION OF HIGH-DENSITY LOW-PERMEABILITY LAYERS (1) Outline of the proposed method
The proposed method supports the construction of high-density bentonite layers using a spray-based approach for the placement of low-permeability material in a cavern-type disposal facility at the corners of the bottom, side and top layers where material placement and compaction are difficult. As layers can be placed wherever a spray nozzle can be inserted with the proposed method, construction in restricted spaces is much easier than with roller-based compaction. Specifically, the achievable dry density of 1.6 Mg/m 3 represents a level of low-permeability layer construction quality considered impossible with the spray method.
The same dry air compressor and rotary concrete sprayer used in conventional concrete spraying are adopted for the proposed method (Photo 1). A constant-volume water-content-adjusted bentonite feeder, a recovery machine for the reuse of rebound material and a rebound material feeder are also required. Figure 3 shows the standard equipment used for the method and the arrangement of machinery in low-permeability layer construction in the LLW sub-surface disposal facility. Table 1 shows the specifications of the equipment.
(2) Principle of the proposed method Figure 4 illustrates construction with roller compaction and the proposed method. The density distributions in the figure are determined from those of bentonite installed using both methods as described later (Fig. 17) .
The main difference is that pressure waves are propagated for compaction by a vibrating roller in the former, while kinetic energy is uniformly transferred to all material particles for compaction in the latter. As the stress applied in roller-based compaction (and other methods involving the propagation of stress waves) dissipates during propagation through the material, it is more difficult to increase its density. The degree of this adverse effect on density is dependent on the thickness of the material spread; in compacted-layer construction using a roller, the surface pressure applied must be considerably higher in consideration of the required average dry density.
Accordingly, density around the surface level tends to be excessive, which results in a significant density gradient.
Conversely, kinetic energy is applied to individual particles of the material sprayed in the proposed method, and the density of the material increases in line with the pressure generated upon impact with the target. As energy is directly applied to individual particles, the method can be regarded as vibrating-roller compaction of a soil layer with a thickness of one particle. This makes the density gradient smaller, and the average dry density and local dry density are almost equal. Impacts on surrounding structures are also smaller with the proposed method for compaction of low-permeability layers with uniform dry density because the magnitude and range of the stress applied to the surface of the material are smaller.
LOW-PERMEABILITY LAYER SPECI-FICATIONS (ESTABLISHMENT OF DEVELOPMENT TARGETS)
To satisfy the specifications required for lowpermeability layers in LLW sub-surface disposal facilities, construction quality control criteria, construction control criteria and material specifications as described below are established. 1) Although the specifications of the low-permeability layer and the construction quality criteria must be satisfied regardless of the construction method, the construction control criteria and material specifications are dependent on the method chosen. Accordingly, the construction quality control criteria, construction control criteria and material specifications for the proposed method are established after a review of those established for low-permeability layer construction with vibrating roller compaction in disposal facility performance verification testing. The specifications for vibrating roller-based construction of a low-permeability layer in the performance verification test are outlined below.
(1) Construction quality control criteria
The JSCE Committee 3) discussed construction quality for low-permeability layers based on the relationship between bentonite dry density and the coefficient of permeability. In line with the Committee's conclusions, control of construction quality in the disposal facility verification test was based on bentonite dry density. The primary characteristic of a low-permeability layer in an LLW sub-surface disposal facility is low permeability. 4) Accordingly, the construction quality control value for this layer is set as 5.0  10 -13 m/s or less in disposal facility performance verification testing. 1) However, the use of a permeability coefficient as a criterion for construction quality control is unrealistic because it takes weeks of hydraulic conductivity testing to determine the coefficient. For this reason, the dry density of bentonite is used as an alternative parameter for construction quality control in disposal facility performance verification testing. A dry density of 1.6 ± 0.1 Mg/m 3 and a low-permeability layer average dry density of 1.6 Mg/m 3 or above are used as criteria that satisfy the permeability coefficient of the above based on the relationship between dry density and the permeability coefficient as shown in Fig. 5 .
1) The coefficient corresponding to this dry density is 5.0  10 -13 m/s or less (Fig. 5) . Because such quality control criteria must be satisfied regardless of the construction method, a value of 1.6 ± 0.1 Mg/m 3 for the dry density of the low-permeability layer and a value of 1.6 Mg/m 3 or above for the average dry density of the low-permeability layer are used in the proposed method.
(2) Construction control criteria
The low-permeability layer is constructed by compacting roughly crushed bentonite with a grain size of 10 mm or less. As with the compaction of regular soil, dry density from the same level of compacting energy is highly dependent on water content, which is therefore an important control parameter in low-permeability layer construction.
In disposal facility performance verification testing, water content is set at 21% ± 2% as a parameter for construction quality control. The range of such water content is not established simply as a value to satisfy a dry density of 1.6 Mg/m 3 or above, which is the criterion for construction quality control using vibrating roller compaction. For reference, the procedure used to determine the adapted range of water content for construction quality control with vibrating roller compaction is outlined here. shows the relationship between water content and dry density resulting from roller compaction. It can be seen that the low-permeability layer density gradient obtained using roller compaction tends to be smaller when water content increases. Accordingly, a water content of 21% ± 2% is established to satisfy the construction quality control criteria while minimizing the density gradient in the low-permeability layer from roller compaction. Since the water content of the material used in the proposed method is adjusted before application as with the vibrating roller compaction method, water content is also an important parameter in construction quality control. The construction control criterion is established from the compaction curve (showing the relationship between water content and dry density) obtained using the proposed method as shown in Fig. 7 . The graph shows a construction quality control criterion of 1.6 ± 0.1 Mg/m 3 and the compaction curve obtained from a separately conducted dynamic compaction test with compacting energy of 5 Ec. Because the curve obtained using the proposed method is almost equal to that for a compacting energy of 5 Ec, compacting energy with the proposed method can be considered to be equivalent to 5 Ec. When the range of water content is defined from dry density corresponding to the compaction curve for 5 Ec, the construction quality control criterion is satisfied up to about 23%. Hardly any density gradient is created in the compacted layer with the proposed method for any water content due to the construction principle explained later; thus, the density gradient will not restrict the range of water content.
In the proposed method, the rebound ratio (i.e., that of non-adhering material mass vs. the total mass of material sprayed) tends to increase when water content decreases. A rise in this ratio slows construction and increases the ratio of recovered and reused material, which adversely affects overall construction efficiency. Accordingly, a water content of 20% ± 1% is selected as the construction control criterion for the proposed method in consideration of the application of a dry density of 1.6 ± 0.1 Mg/m 3 as the construction quality control criterion and the need to reduce the rebound ratio.
(3) Material specifications
The specifications of a low-permeability layer constructed using vibrating roller compaction in disposal facility performance verification testing call for the use of Na bentonite mined in Yamagata Prefecture with a maximum grain size of 10 mm.
1) The roughly crushed material required is obtained via intermediate pulverization of bentonite ore produced from deposits. Despite the rough crushing, the material is 100% bentonite with the same mineral composition as powdered bentonite and the same impermeability in the long run because its grains swell upon contact with water. This roughly crushed material is also expected to show better compaction results than fully compacted powdered bentonite in the construction of a low-permeability layer with a dry density of 1.6 Mg/m 3 because the dry density of coarse grains is 1.8 to 1.9 Mg/m 3 .
The improved compaction characteristic of roughly crushed bentonite is also effective in the proposed method, but when coarse bentonite with a grain size of 5 mm or more is used, grains larger than 5 mm tend to not adhere and rebound. Accordingly, low-permeability layer construction using the proposed method requires roughly crushed bentonite with a maximum grain size of 5 mm.
STUDY OF THE SPRAY-BASED HIGH-DENSITY LOW-PERMEABILITY LAY-ER CONSTRUCTION TECHNIQUE
The various technical issues involved in constructing low-permeability layers using the proposed method differ from those of the conventional method. The following sections detail peculiarities of the proposed method, highlight the results of studies on such technical issues, and give an outline of peripheral techniques developed to resolve these issues. This section outlines numerous investigations conducted using bentonite with a water content of 18% (the approximate optimal content for a compaction energy of 5Ec). As the dry density of sprayed material with water content values of 18 and 19% is almost the same, sprayed bentonite that satisfies the construction control criterion (i.e., a water content of 20% ± 1%) will exhibit the tendencies described here.
(1) Elemental technologies and construction conditions for the proposed method a) Wet material constant-volume feeding technique Feeding of wet material at a constant volume is critical for uniform construction quality in spray application with the proposed method. The crushing pulverizer shown in Fig. 8 is used for this purpose.
Feeding of wet powdered material at a constant volume is generally difficult because bridges of the material form in the hopper. A bridge removal section inside the hopper works to solve this problem, and material falling at the outlet of the hopper is forcibly scraped off at a constant rate. Material is then discharged onto the conveyor belt in the scraping and granulating section to achieve constant-volume feeding. The material processed by this machine becomes loosely bonded aggregate, but the gap between the teeth in the scraping and granulating section is adjusted so that the tightness of the material is suitable for crushing while it is being conveyed from the spraying machine to the hose nozzle by compressed air. Figure 9 shows the characteristics of this constant-volume feed. The volume can be controlled by changing the speed of the scraping and granulating section, as it increases with speed. As shown in the graph, there is an almost-linear relationship between the speed of this section and the feed volume.
b) Spray nozzle
In addition to the conventional equipment specified earlier, the supersonic Laval model shown in Fig.  10 is used as the spray nozzle in the proposed method. This nozzle contains a section where fluid is compressed upstream of a choke and expands downstream. Such nozzles are commonly used in rocket engines, jet burners, jet mills and the like. Fluid from upstream of the nozzle is compressed in the compression section and reaches the choked section as flow velocity increases. After the flow reaches subsonic speed in the choked section, the compressed fluid loses density (i.e., expands) and speed increases to supersonic levels 5) This raises the impact velocity of the material sprayed onto the surface, which effectively increases compaction density.
Several nozzles were produced during design for the proposed method to determine ideal geometric parameters such as angle c  and length e L in the compression section, angle e  and length e L in the expansion section, and the diameter of the choked section n D as shown in Fig. 10 . Photo 2 highlights the varying geometric forms of the nozzles produced.
The nozzles investigated are summarized in Table2. Comparing nozzles A, B and C helps to clarify effects relating to the compression angle and the expansion zone. Comparing A and D as well as C and E also helps to clarify effects relating to the diameter of the choke zone.
A box spray test (Photo 3) was conducted using the inductive method to determine the nozzle design that would produce optimal high density in the sprayed bentonite layer. 6) The maximum grain size in this test was 5 mm with a water content of 18%, and the distance from the spray nozzle to the target was 500 mm. Investigation with water content and spray distance as parameters suggested that these conditions produced the highest density. 
The top graph in Fig. 11 shows the relationship between the geometry of the nozzles in Photo 2 and the dry density of the sprayed bentonite. Dry density with nozzle C, which had a longer expansion section, was the highest. The bottom graph shows sprayed bentonite dry density with the diameter of the choked section in nozzle C as the parameter. It indicates that a diameter of less than 25 mm is suitable for this application. Figure 12 shows the effect when a diameter of 19 mm was used for nozzle C, and indicates differences in sprayed bentonite density using the nozzle without a choked section and the supersonic nozzle. A dry density of 1.6 Mg/m 3 was attained using the supersonic nozzle.
The results of the proposed method for 5 Ec shown in Fig. 7 were also obtained using the supersonic nozzle C with a choked-section diameter of 19 mm. The dry density attained with a water content of 18% differs between Figs. 7 and 12 due to differences in the material feed rate for spraying. Figure 13 also shows the results of measurement using a high-speed camera to determine the velocity of material sprayed from supersonic nozzle C. Each frame represents 1/10,000th of a second; as the sprayed material advanced 7.8 mm between frames,its velocity was 78 m/s (280 km/h).
This value represents the velocity of particles flying in the compressed airflow; the airflow velocity itself is higher. The kinetic energy required to construct a unit volume of a low-permeability layer with a dry density of 1.6 Mg/m 3 by spraying coarse grain bentonite with 20% water content at a velocity of 78 m/s is about 8,344 kJ/m 3 if the assumed rebound ratio is 30%, which corresponds to about 15 Ec in terms of compacting energy (10 Ec if the rebound ratio is 0%). Although the velocity of sprayed material in actual construction will be less than the above high-speed camera measurement due to the greater amount of material to be sprayed, a dry density of 1.6 Mg/m will be attained because the low-permeability layer with a dry density of 1.6 Mg/m 3 corresponds to 5 Ec as shown in Fig. 7 .
As the volume of air supplied decreases significantly with higher feed rates for sprayed materials, the effect of the supersonic nozzle described above decreases accordingly. The optimum feed rate against the volume of air supplied is discussed later. Even the most powerful air compressors used in actual construction have limitations as shown in Table  1 . Accordingly, the volume of air supplied is a given condition in actual construction. In consideration of construction quality and the construction rate, the feed rate must be set under conditions of constant air volume.
c) Spray distance
As discussed earlier, the density of a low permeability layer depends on the water content of the sprayed material and the geometry of the spray nozzle (see Figs. 7 and 12) . When construction is performed using the wet spray method, the density of the layer and the rebound ratio also depend on the distance from the spray nozzle to the target surface (known as the spray distance). Accordingly, the appropriate spray density was determined inductively via a box spray test (Photo 3) as with the nozzle geometry determination. 7) During investigation to find the optimum spray distance in the box spray test, minimization of the rebound ratio was also considered in addition to the achievement of a dry density of 1.6 Mg/m 3 or more. These studies were based on the results of tests using the equipment detailed in Table 1 . Figure 14 shows the relationship between spray distance and the dry density of the lowpermeability layer as well as the rebound ratio. As shown in the graph, spray distance does not significantly affect dry density within the range of 500 to 2,000 mm, but 500 mm is an appropriate distance for reducing the rebound ratio. However, a surface sprayed at a distance of 500 mm is rougher than one sprayed at 1,000 mm. When the amount of material being placed is small as in the box spray test, the rebound ratio is not affected by the spray distance. However, the roughness of the sprayed surface increases with the amount sprayed in actual construction, and the rebound ratio is likely to increase with a spray distance of 500 mm. Accordingly, the appropriate spray distance was determined as 1,000 mm in engineering judgment based on observation of the sprayed surface. d) Sprayed-material water content and feed rate
The compaction curve (showing the relationship between water content and dry density) in Fig. 7 was obtained by measuring the dry density of the low-permeability layer using water content as a parameter with the spray conditions outlined in (b) and (c) of this section. Figure 15 shows the rebound ratio included in the compaction curve in Fig. 7 .
While the construction quality criterion of 1.6 ±0.1 Mg/m 3 can be met when water content is within Fig. 15 Effect of parameters on the dry density and rebound ratio of the sprayed low-permeability layer 7) .
the range of that seen in this study, water content should be 21% or less if the target average dry density of the entire low-permeability layer is 1.6 Mg/m 3 or more. The rebound ratio exhibits a rapid increase when water content is less than 20%, and the most appropriate water content for increased dry density and a reduced rebound ratio must be found. When the rebound ratio in the proposed method is evaluated using 30% or less as the estimation standard for concrete as a benchmark, a water content of 19 to 21% can be expected to satisfy the construction quality criterion and result in a rebound ratio of 30% or less. The rebound ratio criterion was determined with reference to estimation standards established by Japan's Ministry of Land, Infrastructure and Transport for shotcrete-related work in public projects. These results also depend on the material feed rate. The results shown in Fig. 15 were obtained when the speed of the scraping and granulating section of the material feeder was 40 Hz (12.5 kg/10 sec; see Fig.  9 ).
When a study similar to the one presented in Fig.  15 is conducted with different material feed rates, the dry density of the low-permeability layer depending on the respective feed rates and water content can be summarized as shown in Fig. 16 . As seen in this chart, the water content and feed rate should be controlled to within the range shown in green to yellow in order to achieve a dry density of 1.6 ± 0.1 Mg/m 3 in the low-permeability layer as the construction control criterion and an average dry density of 1.6 Mg/m 3 or more for the low-permeability layer as a whole.
The dry density of 1.6 Mg/m 3 achieved in the low-permeability layer using the proposed method was previously considered impossible (e.g., JAEA (2000) 8) , Svoboda et al. (2014) 9) ). Its achievement is due not only to the use of a high-power compressor and an improved nozzle but also to the optimization of construction conditions. Figure 17 compares density gradients in lowpermeability layers made with vibrating roller compaction and the proposed method based on the construction conditions detailed in the previous section. It shows the gradient in sampling cores from the construction area representing the side lowpermeability layer.
The graph indicates that the density of the layer constructed using vibration roller compaction has three sections in decreasing order from the top to the middle to the bottom of the finished layer. The density difference is about 0.3 Mg/m 3 . The maximum dry density was greater than the target dry density of 1.6 Mg/m 3 for the entire low-permeability layer at about 1.75 Mg/m 3 . Meanwhile, the density gradient variation of the layer constructed using the proposed method is within 0.1 Mg/m 3 , and the maximum dry density is about 1.68 Mg/m 3 . Figure 18 shows the soil pressure produced for layers constructed using roller compaction and the spray method, respectively. Comparison shows that the maximum value is slightly less than 0.4 MPa with roller compaction and about 0.1 MPa with the proposed method. Figure 19 shows the results of impact pressure measurement using pressure-sensitive film for the roughly crushed bentonite with a water content of 18% used in the proposed method. This film indicates the magnitude of impact pressure with different shades of color, and allows determination of pressure using the calibration curve of intensity and pressurebased on intensity quantification by visual comparison with color contours. Here, a pressuresensitive film with length of 270 mm and width of 200 mm was pinned to the smooth compacted bentonite plane, and bentonite was sprayed against the film. As shown in the graph, the impact pressure of coarse-grained bentonite placed using the spray method is about 75 MPa. As shown above, the impact pressure of the soil particles is great enough to provide around 40 to 75 times more energy than required for static compaction of bentonite with the same water content to a dry density of 1.6 Mg/m 3 . The proposed method can therefore be applied to achieve high density within a limited area. 
(2) Water content adjustment method a) Conventional adjustment
As discussed earlier, high-density low-permeability layers are made of highly compacted bentonite, an d water content is a critical control parameter in their construction. Water spraying or aeration is the com mon method of adjusting water content for subgrade material in conventional civil engineering, but bento nite's tendency to become wetter only where water i s sprayed makes it difficult to achieve uniform water content with this approach. Similarly, high water con tent is not easily remedied by aeration. Accordingly, a granulating machine can be used to adjust water co ntent for low-permeability layers in radioactive wast e depositories. In the proposed method, about 500 kg of dry material is put into a mixing and granulating drum before being stirred, mixed and granulated wit h sprayed water. In disposal facility performance test ing, a highly functional machine in which the mixing and granulating drum rotates to complement the acti on of stirring blades is used to treat batches of materi al (known as the mixing-with-water method). Howev er, in such a water-based mixing approach, the mater ial is granulized and the grains tend to become unifor mly large during water content adjustment. In the pr oposed method, this may cause spray nozzle blockag es in the choked section. Additionally, as material wi th high water content tends to adhere to the mixing a nd granulating drum and the stirring blades, the yield (i.e., the ratio of the mass of finished material vs. the mass of material inserted) is not 100%, which mean s that the water content of the finished material after adjustment may be on the low side. Granulating mac hines with huge amounts of torque are also required for the construction of large mixing plants, which ma y be problematic in terms of cost. The new water con tent adjustment method is intended for the material u sed in the proposed method to resolve the problems of the water-based mixing method. 12) b) Adjustment based on freeze mixing Figure 20 shows the steps of the proposed water content adjustment method, which involves mixing powdered bentonite cooled to approximately -10C in a freezer room with powdered ice in a low-temperature environment at the desired mass ratio. The mixture is then put into flexible containers covered with external waterproof bags and left to thaw at room temperature to make bentonite with the desired water content (known as the freeze mixing method). The bentonite is stirred before being mixed with ice so that water content variations within the flexible container do not affect the precision of water content adjustment; the bentonite/powdered ice mixture is divided into small volumes to reduce the time required for freezing and enable measurement in the freezing environment; and flexible containers with external waterproof bags are used to prevent condensate produced during thawing from leaching into the bentonite. Figure 21 shows a schematic representation and the results of an experiment conducted to investigate the cooling and thawing time of a bentonite-filled flexible container with a radius (representing the heat conduction distance) of approximately 45 cm. In the experiment, the bottom and sides were covered with thermal insulation material, and the temperature change in the bentonite at a depth of 50 cm was measured under a condition in which heat was transferred one-dimensionally from the top. Button-type monitoring units were embedded in the bentonite at 10 cm intervals to record the temperature at predetermined intervals while avoiding the effect of heat transferred via lead wires. Recorded data showing temperature history can be retrieved once these units are removed after measurement. In the experiment, the time taken to cool the button-type temperature recorder at a depth of 45 cm to -10C in a -20C freezer room and the time taken for the temperature to return to 27C were measured. Each took about 24 hours -a whole day -as shown in Fig.  21 . c) Effects of water content adjustment using the freeze mixing method Water remains solid during freeze mixing; no mixing takes place after it thaws, and the load on the mixer is therefore reduced. It should also be noted that the bentonite's grain size distribution does not change significantly after water content adjustment as shown in Fig. 22 . This is favorable for the proposed method in consideration of the choked section in the spray nozzle used. Accordingly, freeze mixing is optimally suited to the proposed method.
Photo 4 shows the different appearances of roughly crushed bentonite with water content adjusted to 21% by freeze mixing (left) and mixing with water (right). That on the right appears darker even though the final water content is the same, and visual examination shows that its proportion of coarse grains is higher. This is because the surface of the dry coarse grains is coated with bentonite slurry formed when fine grains come into contact with water in the latter method.
In addition, no bulky high-power machinery is required for water content adjustment with freeze mixing because adjustment is made by combining powdered ice and roughly crushed bentonite. If a large refrigerating facility is available, it is relatively easy to produce large amounts of bentonite material. As adhesion to the mixer is almost negligible, a yield close to 100% can be attained. Figure 23 summarizes the results of water content adjustment by freeze mixing. In the test, water content was measured in a 150 g sample taken from a dry 50 kg mass of material after water content adjustment. The error between the measured and calculated water content is less than 1%. Figure 24 shows a comparison of the conventional method and the freeze mixing method. The results for the latter were obtained from full-scale testing conducted in a large-scale cold storage facility as shown in Photos 5 (a) to (d). The water content in 20 Mg of bentonite was adjusted using a mixer with a capacity of 100 liters. In the conventional method, bentonite with a high water content adhered to the stirring blades inside the mixing and granulating drum. This reduced the water content by about 2% from the calculated value, necessitating the addition of water based on experience with the approach. As shown in the figure, the accuracy of water content adjustment using the freeze mixing method was adequate.
Investigation was also performed to determine the effects of chilling bentonite in terms of swelling and hydraulic/mechanical properties. As shown in Figs.25 (a) and (b), the coefficient of permeability, swelling deformation and swelling pressure in bentonite specimens whose water content was adjusted using the freeze mixing method were almost the same as those obtained using the conventional method. Unconfined compressive testing was also conducted to clarify how chilling affects the mechanical properties of bentonite. As shown in Fig. 25 (c), the strength and deformation moduli were also almost the same as those obtained using the conventional method.
(3) Construction quality control method 13) In low-permeability layer formation using roller compaction, bulk density measurement methods (e.g., the caliper method, sand replacement method, paraffin method, RI method and falling-weight method) as well as control for the thickness of material spread and finished thickness are considered routine in construction quality control. The caliper method and sand replacement method cause layer damage requiring repair, and discussions are ongoing regarding a reasonable frequency for quality testing.
In the proposed method, quality control based on the finished thickness (as performed with the roller compaction method) is impractical because the low-permeability layer created is undefined and uneven with a rough surface. Accordingly, a routine construction quality control method enabling quick and easy measurement to determine the density of the low-permeability layer under construction is required. As the caliper method, sand replacement method and other approaches outlined above require lowpermeability layer repair after density measurement, these techniques are not suitable for routine construction quality control. Although the RI method and falling-weight method allow non-destructive measurement of bulk density, the level of accuracy they produce is insufficient. The paraffin method allows precise measurement of bulk density using a sample whose extraction requires virtually no repair and has an undefined shape, but the necessary steps (such as soaking the sample in liquid paraffin under heat) take time. Accordingly, in this study a routine construction quality control approach was developed in consideration of suitability for the proposed method. The technique allows quick and easy measurement for low-permeability layer bulk density based on an improved paraffin method for its characteristics of high accuracy without the need for repair.
The paraffin method takes time because the compacted soil sample needs to be coated in paraffin before being soaked in water. As paraffin is solid at room temperature, it takes time to heat and melt it. Once the sample surface is coated, it takes more time for the paraffin to cool and solidify. A heat source is also required for this process. The identification of another substance that is liquid at room temperature and will not cause compacted bentonite to swell and/or collapse when a sample is soaked in it (like paraffin) will allow quick and easy measurement to determine the bulk density of a sample with an undefined shape. Accordingly, samples of compacted bentonite were soaked in various liquids for around three days to allow visual determination of their collapse status ( Table 3) .
The results show that compacted bentonite collapses only when liquid molecules are polar (hydrophilic) and shows practically no deformation when the liquid is non-polar (hydrophobic).
Photos of samples soaked in various liquids for five months are shown in Table 4 . It can be seen that the low-permeability layer does not collapse in Based on these results, bulk density measurement using silicone oil, which has stable density as an industrial product as well as low flammability and volatility, was selected for construction quality control in the proposed method based on the following steps: (i) After a certain volume of the low-permeability layer is constructed using the proposed method, the material is sprayed into a protruding form with the nozzle kept stationary. (ii) The protrusion (about 100 g) is removed and its mass in air is measured. (iii) After this measurement, the protrusion is soaked in silicone oil and weighed, and the buoyancy produced by the oil is determined. As the measurement value fluctuates due to permeation by the silicone oil, buoyancy should be measured after stabilization occurs. (iv) The volume of the sample is determined by dividing the buoyancy by the density of the silicone oil, and the result is then divided by the mass in air to determine bulk density. The above steps are illustrated in Fig. 26 , which shows that no repair is required after the protrusion is removed, and no drill or other tool is required. Measurement is possible only with a spring scale. Figure 27 shows the results obtained from inves- tigating the effects of silicone oil permeation into a sample from a low-permeability layer with a known density. The kinetic viscosity of the oil is selected as 20, 50 and 100 mm 2 /s. The graphs show that these viscosities do not significantly affect bulk density measurement, but when dry density is low and the oil easily permeates the sample, dry density is likely to be overestimated unless the effect of oil permeation is eliminated (Fig. 27, top) . Accordingly, the effect of such permeation is corrected via the following steps after steps (i) through (iv): (v) After step (iii), the low-permeability layer protrusion is removed, silicone oil adhering to the surface is wiped off, and the mass in air Fig. 27 shows results corrected via these steps. Even for a low-dry-density sample that silicone oil permeates easily, the effect of permeation on bulk density is eliminated. The time required for measurement of one sample is about a minute, and when the dry density is around 1.6 Mg/m 3 , the effect of oil permeation is negligible. Accordingly, when this measurement approach is used for construction quality control in the proposed method, no result correction is required and adverse effects on construction productivity are minimal.
The pink squares in Fig. 5 highlight the relationship between the permeability coefficient of sprayed bentonite and dry density as measured using the proposed method. It was found that the dry density achieved with this approach results in a reasonable coefficient of permeability. This measurement method is based on the homogeneity of construction quality achieved with the spraying method as dis- cussed by I. Kobayashi et al. (2010) . 14) The results of this study indicate the validity of construction quality control using the proposed method.
(4) Recovery and reuse of rebound material
In the proposed method, only 70 percent of the sprayed mass adheres to the target surface. As the material is roughly crushed bentonite with adjusted water content, rebound matter can be reused because it does not dehydrate and solidify like sprayed concrete. This is important in consideration of construction costs. When the method is used in restricted spaces, a suitable way of recovering rebound material is needed. Accordingly, a vacuum was adopted (Fig. 28) to collect rebound material for return to the feeder and respraying.
While there is no significant difference in montmorillonite content or grain size distribution between recovered and fresh material, the water content of vacuumed material decreases in each cycle of recovery. This results in greater dry density in the sprayed low-permeability layer. Although this is not considered problematic in quality considerations such as layer impermeability, very dry material has the undesirable effects of creating a higher rebound ratio and an excessive density gradient in the layer. Accordingly, rebound material is mixed with fresh material before spraying to avoid the application of purely recovered material. An air-solid separator with a cyclone effect mechanism (Fig. 29) is also employed to reduce the time of recovered rebound material circulation in the compressed airflow of vacuuming. This restricts vacuum-related water loss to 0.3% (Table 5 ).
CONCLUSION
This paper outlines a spray-based method for the creation of high-density low-permeability layers in restricted spaces where construction is difficult. The approach is discussed with a focus on a project for LLW disposal at intermediate depth among the various options available for treating radioactive waste. Peripheral techniques such as water content adjustment and construction quality control are also described. The discussion can be summarized as follows:  The method supports construction in restricted spaces, such as the corners of bottom, side and top low-permeability-layers in cavern-type disposal facilities where work using large-scale equipment is difficult.  The construction quality criteria for lowpermeability layers as defined by RWMC (2008) for LLW intermediate-depth disposal facilities (i.e., a dry density of 1.6 ± 0.1 Mg/m 3 and an av-erage dry density of 1.6 Mg/m 3 or above for the layer as a whole) are satisfied with the proposed method. In terms of construction control criteria, water content values of 19 to 21% are appropriate in consideration of dry density in the low-permeability layer and rebound ratio reduction. Na-based bentonite produced in Yamagata Prefecture with a maximum grain size of 5 mm is used in this approach. In terms of equipment, the method requires the same type of commercially available dry compressor and rotary concrete sprayer as that used in conventional concrete spraying, a crushing pulverizer as a wet material feeder, and a supersonic spray nozzle with a choked-section diameter of 19 mm.  The velocity of material sprayed using the supersonic nozzle was measured at about 78 m/s (280 km/h). If a low-permeability layer with a dry density of 1.6 Mg/m 3 is constructed by spraying coarse-grain bentonite with a water content of 20% at a velocity of 78 m/s and a rebound ratio of 30%, the kinetic energy required for each unit volume of the material is about 8,344 kJ/m 3 , which corresponds to about 15 Ec of compaction energy (10 Ec if the rebound ratio is 0%). A low-permeability layer with a dry density of 1.6 Mg/m 3 corresponds to 5 Ec of energy and thus can be constructed with the proposed method.  The dry density and rebound ratio for a low-permeability layer constructed by spraying depend on the distance from the spray nozzle to the target surface. Dry density is not significantly affected when the distance is between 500 and 2,000 mm, but the appropriate distance for rebound ratio mitigation is 1,000 mm (see Fig. 14) .  The dry density values for a low-permeability layer created with different material feed rates and water contents are summarized in Fig.16 . As the figure shows, water content and the feed rate can be controlled to ensure a dry density of 1.6 ± 0.1 Mg/m 3 and an average dry density of 1.6 Mg/m 3 or more for the layer as a whole.  Kinetic energy is applied to individual particles of the material sprayed in the proposed method, and the dry density of the material increases in line with the pressure generated upon impact with the target. As energy is applied to individual particles, the method can be regarded as vibrating roller compaction of a soil layer with a thickness of one particle. This makes the density gradient smaller, and the average dry density and local dry density are almost equal. Impacts on surrounding structures are also smaller with the proposed method for compaction of low-permeability layers with uniform dry density than with the vibrating roller compaction method.
 The water content adjustment method described here is suitable for the material used in the proposed method. In this process, adjustment is made by mixing powdered bentonite cooled to -10C in a freezer room with powdered ice in a low-temperature environment at the desired mass ratio. The mixture is then put into flexible containers covered with external waterproof bags and left to thaw at room temperature to make bentonite with the desired water content (known as the freeze mixing method). This process is advantageous in that it does not require a high-power mixer and the bentonite's grain size distribution does not change significantly after water content adjustment.  A routine construction quality control method involving the use of silicon oil was developed to allow quick and easy measurement of bulk density in the low-permeability layer under construction using Archimedes' principle. No repair is required after this method is applied.  The reuse of rebound material is an important technical aspect of the proposed method in terms of construction costs. Rebound material is recovered by vacuuming, as the method must be suitable for application in restricted spaces.  An air-solid separator with a cyclone effect mechanism is employed to reduce the time of recovered rebound material circulation in the compressed airflow of vacuuming. This restricts vacuum-related water loss to 0.3%.
